NASA Langley Research Center has developed several breakthrough materials technologies using bio and nanotechnology specifically for device applications. With their expertise and strength in device-specific materials technologies, Langley researchers have identified innovative methods and newly designed materials, such as rhombohedral single crystal silicon-germanium, twin-lattice structures of silicon-germanium for thermoelectric applications, smart optical materials, and sizecontrolled metallic nanoparticles. These new materials have offered new opportunities to develop devices and power systems, such as micro spectrometers, quantum-apertures, wireless power transmission systems, smart optics, bionanobatteries, and biofuel cells. An overview of these technologies will be given at the meeting.
I. Introduction
Progress in nanoscale science has enabled a radically new perspective on the fundamental properties of materials affecting a wide range of applications. For example, nanoscale photonic materials offer size-dependent emission spectra and a high stability over a wide range of temperatures. Biologically inspired materials can be used as a building block or a template enabling nano-fabrication of materials for quantum applications, such as quantum-dot lasers, quantum logic gates, and quantum computing. A combination of bio and nano features breeds new kinds of materials with potential for energy harvesting and storage. Artificially imposed quantum constraints on intrinsic level transitions within thin-film or quantum-dot structures offer new possibilities of spectral and refractive index shifts for optical device technology. However, such application-specific nanoscale fabrication requires advanced measurement and manipulation technologies to characterize the unique electromagnetic, thermal, photonic, and structural properties and functions in nanoscale materials.
Several new application-specific nano-bio technologies, which were developed by a group of researchers at NASA Langley Research Center (LaRC) will be discussed. These applications illustrate the fusion of bio, nano, and quantum technologies. Among the technologies to be discussed are a bionanobattery, biofuel cells, quantum-dots, smart optical materials, advanced thermoelectric (TE) materials, quantum apertures, a micro spectrometer, free-falling micro aerial vehicles with selfpower generation, guided flying papers, microwave-powered Mars aerial vehicles, and wireless power transmission technology.
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II. General Description of Cutting-Edge Technologies
II-1. Bionanobattery
The bio-nano energy storage system based on bioinorganic proteins has uncommon features, such as a system unit size in the micro-or nano-scale, and a flexible array structure, that could facilitate distributed power storage and potential integration with energy harvesting units.
For this new concept battery (Figure 1 ), ferritin protein molecules are used for a unit cell of the bionanobattery. Ferritin is an iron storage protein involved widely in biological mechanisms in humans, animals, and even bacteria. It contains up to ~4500 Fe 3+ atoms as Fe(OH) 3 within its hollow interior. The ferritin molecule consists of a segmented protein shell with an outer diameter of 12.5 nm and an inner diameter of 7.5 nm [1] . The protein shell consists of 24 protein subunits that form a spherical exterior with channels through which molecules can enter and leave the protein.
When the protein shell is empty and contains no iron, it is called apoferritin. The whole ferritin has a molecular weight of 430,000 Da in the case of horse spleen ferritin. By the reconstitution process of site-specific mineralization within the protein shell, ferritins are loaded with different core materials [2] with different redox capabilities. The assembled structure of ferritin is remarkably stable and robust, able to withstand biological extremes of high temperature (up to 80 
cm
variation (2.0-10.0) [2] . In the absence of chelators at pH = 7.0, the Fe(OH) 3 iron core of animal ferritins undergoes reversible reduction to produce a stable Fe(OH) 2 core, while all 4500 iron atoms remains within the ferritin interior. The redox reactions between ferritins with different core materials involve the transfer of an electron from a donor to an acceptor ( Figure 2 ).
II-2. Nanoshells
Ferritins offer an important capability as a bio-template to create size-controlled metallic nanoshells [3, 4] . The production of nanoshells of uniform size is essential for certain applications because the emission spectra from nanoshells are size-dependent. Fabrication of nanoshells of elements such as iron, cobalt, manganese, platinum, and nickel, has been successfully performed by constituting ferritins with various numbers of atoms [3, 4] . Figure 3 clearly shows the formation of a sequence of nanoshells by incorporating iron atoms inside the ferritin core.
II-3. Ferritin-Templated Quantum-Dots
The development of quantum-dots (QD) via bio-templating includes the electrochemical/chemical reconstitution of ferritins with different core materials, such as iron, cobalt, manganese, platinum, and nickel. The other bio-template used in our laboratory is dendrimers, which are precisely defined chemical structures.
Apo ferritin was prepared by the reductive dissolution of the native iron oxide cores of holo horse spleen ferritin (HoSF, Sigma) using the thioglycollic acid procedure [5] . Apo HoSF was further reacted with dithionite in the presence of bipyridine to remove iron. Protein concentrations were determined by the Lowry method and confirmed by the absorbance at 280 nm which is a specific amino acid absorption peak [6] . Co and Mn oxyhydroxide mineral cores were fabricated within the ferritin interior [7, 8] . This ferritin reconstitution can be basically applied to any other metal loadings. Manganese can be reconstituted in the cavity as manganese oxyhydroxide (MnOOH) by natural oxidation. Nickel hydroxide (Ni(OH) 2 ) can be fabricated during the hydroxylation process of nickel ion solution. This requires dissolved CO 2 and precise control of pH [9] . Figure 8 shows scanning transmission electron microscopy (STEM) images of Fe-, Co-, Mn-, and Pt-cored ferritins. These are good candidates as QDs for signal transport and storage to develop quantum logic gates (QLGs). We can easily control the number of metal atoms in the ferritin interior. These examples have 2000 Fe, 1000 Co, 1000 Mn, and 200 Pt atoms per ferritin, respectively. Metal cores are evenly distributed in the ferritin interior and have good size similarity. The size of core depends on the number of metal atoms inside ferritin. 
II-4. Smart Optics Material Development
Development of field-sensitive Stark and Zeeman materials, non-linear optical crystals and wide-bandgap optical semiconductors that will undergo spectral and refractive index shifts will offer new optical device concepts by embedding adaptable or reconfigurable functions.
Development of thin film growth technology and intensive investigation of various materials led to the growth and characterization of a semimetallic ScN material system which showed a large shift of index of refraction by a factor 3 upon the application of an electric field. Figure 4 shows the change in the complex index of refraction with applied electric field for a gallium-doped ScN. The measured change in the refractive index was relatively large compared to that seen in conventional electro-refractive (especially, Pockels effect) materials. ScN also has an extremely small lattice mismatch with the commercially important wide-bandgap semiconductor GaN, the material in blue laser diodes and LEDs. ScN has the rock-salt (NaCl) crystal structure shown in Figure 5 . In the (111) orientation of ScN, the atomic distance in the (1-10) direction becomes a'=3.182Å, which is very close to GaN's a=3.189Å [11] . With only 0.2% mismatch, almost perfect epitaxial growth of ScN with on GaN is possible. This is another advantage for the ScN material system. ScN and GaN thin films were fabricated on a c-axis Sapphire (0001) substrate using RF and DC magnetron sputtering.
For this experiment, a relatively low substrate temperature of 420°C was used. Higher temperature growth should give even better crystal quality.
Advanced electrical characterization, including I-V and Hall effect measurement (HEM) showed the internal carrier dynamics of the ScN and GaN, including the carrier type, bulk carrier
Figure 5 Crystal structure and lattice constant of ScN and GaN
ScN ScN
The lattice mismatch between GaN (0001) and ScN (111) is only 0.2% [1] GaN ( The lattice mismatch between GaN (0001) and ScN (111) is only 0.2% [1] GaN ( The lattice mismatch between GaN (0001) and ScN (111) is only 0.2% [1] GaN ( The lattice mismatch between GaN (0001) and ScN (111) is only 0.2% [1] GaN ( Δn density, mobility, magneto resistance, resistivity, conductivity, and Hall coefficient [12] . While the low-temperature-grown GaN has a free carrier density of -6.7x10 16 Figure 6 . Strong absorption of photons above 2.4eV indicates the existence of a strong band-to-band transition near 2.4eV, confirming previous results [13] . The ScN thin-film grown at a low temperature of 420°C is supposed to be a poly-crystalline phase with a high concentration of deep level defects. The high density of free electrons and relatively low mobility shown by HEM indicate that these films contain high levels of shallow donors as well as deep levels.
II-5. Field Injection Grating Light Valve (FIGLV)
The purpose of this investigation was to develop a fundamental technology to control the transmission of electromagnetic waves and photons through an array of millions of tiny quantum aperture structures. The research is focused on the development of a solid state device that is based on plasmon dynamics on a metal surface, the nonlinear optical effect in optical thin films, and quantum electro-optic devices. The device will offer the ability to control optical transmissions through 2D pixel arrays, Figure 7 . Applications of micro-spectrometers optical diodes and switches. In order to achieve this, the major tasks are to develop concept device structures, fabricate devices, and characterize the prototype device for use in micro-spectrometers (Figure 7 ), hyperspectral imagers, on-off switches, intensity dimmers, signal mixers and spectral selection. Figure 8 shows an array of nano-apertures below 200nm in diameter. The left picture in Figure 8 shows the metallic thin-film structure with an array of nano-scale holes and the right picture shows transmission of three spectral components through the holes. T.W. Ebbessen et al. showed an extraordinary transmission of photons whose wavelength is nine times the aperture diameter [14, 15] . We confirm that the apertures allow the transmission of electromagnetic waves whose wavelength is up to four-times the aperture diameter but no extraordinary transmission up to the 700nm region. Also, T.W. Ebbessen et al. reported that the extraordinary transmission can only occur in an ultrapure metal surface with plasmons [14, 15] . In our case, the metal layer may have residual Ga + ions from the focused ion beam (FIB) patterning process. Furthermore, electric polarization of the underlying electro-optic layer may disturb the distribution of plasmons on the metal surface.
Nano-apertures will be used as the pixel defining array in a complete system to achieve hyper-spectral sensing and imaging with the following micro-zone plate (MZP) technology ( Figure  7 ). We can easily utilize the threshold diameter, λ/4, to control the light source. If extraordinary transmission occurs, it can be removed easily by changing the design.
CONCLUSION
Development of novel device-specific materials for energy conversion and optical applications is actively pursued at NASA Langley Research Center by using nano-, bio-, and quantum technology. The outcomes of research have so far revealed very promising features which 
